The magnitude, temporal dynamics, and physiologic effects of intestinal microbiome 35 responses to physiologic stress are poorly characterized. This study used a systems biology 36 approach and multiple-stressor military training environment to determine the effects of 37 physiologic stress on intestinal microbiota composition and metabolic activity, and intestinal 38 permeability (IP). 73 Soldiers were provided three rations/d with or without protein-or 39 carbohydrate-based supplements during a four day cross-country ski march (STRESS). IP was 40 measured before and during STRESS. Blood and stool samples were collected before and after 41 STRESS to measure inflammation, stool microbiota, and stool and plasma global metabolite 42 profiles. IP increased 62%±57% (mean±SD, P<0.001) during STRESS independent of diet 43 group, and was associated with increased inflammation. Intestinal microbiota responses were 44 characterized by increased α-diversity, and changes in the relative abundance of >50% of 45 identified genera, including increased abundances of less dominant taxa at the expense of more 46 dominant taxa such as Bacteroides. Changes in intestinal microbiota composition were linked to 47 23% of metabolites that were significantly altered in stool after STRESS. Pre-STRESS 48 Actinobacteria relative abundance, and changes in serum IL-6 and stool cysteine concentrations, 49 collectively, accounted for 84% of the variability in the change in IP. Findings demonstrate that 50 a multiple-stressor military training environment induced increases in IP that were associated 51 with alterations in markers of inflammation, and with intestinal microbiota composition and 52 metabolism. Observed associations between IP, the pre-stress microbiota, and microbiota 53 metabolites suggest targeting the intestinal microbiota could provide novel strategies for 54 preserving IP during physiologic stress. 55 56 Dette er en postprint-versjon / This is a postprint version. DOI til publisert versjon New and Noteworthy: Military training, a unique model for studying temporal dynamics of 59 intestinal barrier and intestinal microbiota responses to stress, resulted in increased intestinal 60 permeability concomitant to changes in intestinal microbiota composition and metabolism. Pre-61 stress intestinal microbiota composition and changes in fecal concentrations of metabolites 62 linked to the microbiota were associated with increased intestinal permeability. Findings suggest 63 that targeting the intestinal microbiota could provide novel strategies for mitigating increases in 64 intestinal permeability during stress.
INTRODUCTION
them by the study team. All volunteers were provided with ration-specific food logs which were shipped to Pennington Biomedical Research Center (Baton Rouge, LA) or Metabolon, Inc. for more hydrophilic compounds. In this method, the extract was gradient eluted from a C18 227 column (Waters UPLC BEH C18-2.1x100 mm, 1.7 µm) using water and methanol containing 228 0.05% perfluoropentanoic acid and 0.1% formic acid. Another aliquot was also analyzed using 229 acidic positive ion conditions; however, it was chromatographically optimized for more 230 hydrophobic compounds. In this method, the extract was gradient eluted from the same 231 aforementioned C18 column using methanol, acetonitrile, water, 0.05% perfluoropentanoic acid, 232 and 0.01% formic acid and was operated at an overall higher organic content. Another aliquot 233 was analyzed using basic negative ion optimized conditions using a separate dedicated C18 234 column. The basic extracts were gradient eluted from the column using methanol and water, 235 however with 6.5mM Ammonium Bicarbonate at pH 8. The fourth aliquot was analyzed via 236 negative ionization following elution from a HILIC column (Waters UPLC BEH Amide 2.1x150 237 mm, 1.7 µm) using a gradient consisting of water and acetonitrile with 10mM Ammonium 238 Formate, pH 10.8. The MS analysis alternated between MS and data-dependent MS n scans using 239 dynamic exclusion. The scan range varied slighted between methods but covered 70-1000 m/z.
240
Raw data was extracted, peak-identified and quality control-processed using Metabolon's 241 proprietary hardware and software. Compounds were identified by comparison to a library 242 maintained by Metabolon containing entries of purified standards or recurrent unknown entities.
243
Biochemical identifications were based on three criteria: retention index within a narrow 244 retention index window of the proposed identification, accurate mass match to the library +/-10 245 ppm, and the MS/MS forward and reverse scores between the experimental data and authentic 246 standards. The MS/MS scores were based on a comparison of the ions present in the experimental spectrum to the ions present in the library spectrum. Peaks were quantified using 248 area-under-the-curve. OTU-level relative abundances were calculated by dividing the number of reads for each taxa by 258 the total number of reads in the sample. Ordination and cluster analyses were conducted on 259 OTU-level relative abundances, whereas differential analyses were conducted on phylum and 260 genus-level relative abundances. For differential analyses, any OTUs that could not be assigned 261 to the genus level were grouped at the next lowest level of classification possible (e.g., family or 262 order). Relative abundances were arcsine square-root transformed prior to differential analysis 263 to stabilize variance and better approximate normality. Prior to analysis of stool and plasma 264 metabolites, any missing values were imputed using the minimum observed value for each 265 compound, normalized to set the median equal to 1, and log 10 -transformed. The false discovery rate for all tests including taxa or metabolite data was controlled by 315 adjusting P-values using the Benjamini-Hochberg procedure. Adjusted P-values are presented as ( Table 2) . Changes in the concentrations of another 14 metabolites were also inversely 409 correlated with changes in sucralose excretion (Table 2 ). In accord, scores on the 1 st principal 410 component from the ordination of stool metabolite data were associated with sucralose excretion 411 (β ± SE = -0.05 ± 0.01, P = 0.01) indicating that the effect of STRESS on stool microbiota was 412 associated with IP.
413
Procrustes analysis also demonstrated a significant association between the ordinations of 414 plasma metabolites and stool microbiota composition (M 2 = 0.49, Monte Carlo P = 0.001; 415 Figure 6B ) indicating an association between plasma metabolites and the stool microbiota.
416
Further, plasma concentrations of 30 of the 69 metabolites that linked the stool microbiota to the 417 stool metabolome in prediction models were altered (Figure 6C and Supplemental Table 3 ). Intestinal permeability measured by 24 hr urine collection following ingestion of 2 g sucralose.
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Spearman's correlation (ρ) (n = 21). P-values for correlations with taxa adjusted using 
